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GROUNDWATER MONITORING NETWORK OPTIMIZATION 
FRONTIER HARD CHROME SUPERFUND SITE 

 
EXECUTIVE SUMMARY  
 
The following report reviews and provides recommendations for instituting a long-term 
groundwater monitoring network for Frontier Hard Chrome Superfund Site in Vancouver, 
Washington (FHC Site).  The FHC Site consists of a former chrome plating facility in the 
floodplain of the Colombia River.  Shallow groundwater in the FHC area has been 
impacted by residual hexavalent chromium from chrome-plating operations conducted 
between 1958 and 1983.  Affected groundwater migrated downgradient from the source 
under the influence of industrial groundwater pumping south of the FHC site.   
 
Extensive site remediation activities were completed at the FHC Site in 2003. The area 
around FHC is currently undergoing rapid urban redevelopment to residential and 
commercial property use.  The primary goal of developing an optimized groundwater 
monitoring strategy at the FHC Site is to create a dataset that fully supports site 
management decisions while minimizing time and expense associated with collecting 
and interpreting data. The long-term groundwater monitoring network for the FHC Site 
should be designed to support site management decisions while accommodating on-
going redevelopment. 
 
In the following report, the current FHC groundwater monitoring network has been 
evaluated using a formal qualitative approach as well as statistical tools found in the 
Monitoring and Remediation Optimization System software (MAROS).  
Recommendations are made for groundwater sampling frequency and location based on 
current hydrogeologic conditions and long-term monitoring (LTM) goals for the system.  
The following report evaluates the monitoring system using analytical and hydrogeologic 
data collected after installation of the remedy to the present, a time-frame between 
October 2003 and June 2007.  The following report outlines recommendations based on 
a formal evaluation, but final determination of sampling locations and frequencies are to 
be decided by the overseeing regulatory agencies. 
 
Current Site Conditions 
 
The broad area of shallow groundwater contamination associated with chrome plating 
operations at FHC was discovered in the 1980’s and investigated and delineated 
through the 1990’s.  The Record of Decision (ROD) (USEPA, 2001) for groundwater at 
FHC produced in 2001, detailed an in-situ chemical reduction of mobile hexavalent 
chromium (Cr(VI)) as the final remedy.  The regulatory screening level for total chromium 
for the Site was determined to be 50ug/l, based on the State of Washington Department 
of Ecology Model Toxics Control Act (MTCA) Standard A value.   
 
As a result of aggressive remedial treatments and cessation of industrial pumping, total 
chromium concentrations across the site have dropped below the regulatory screening 
level.  It should be noted that for the past 3 years, total chromium levels in groundwater 
at FHC have consistently been measured below the clean-up level of 50µg/L.  The FHC 
groundwater plume, that is the extent of groundwater affected above the regulatory 
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screening level, has largely disappeared.  However, for the purpose of the following 
analysis, the term “plume” is used to describe the historic extent of groundwater affected 
by chromium originating from the FHC site.  In this document, the term ‘plume’ describes 
all chromium concentrations at any detectible level within the current FHC Site 
groundwater monitoring network.  Analytical results for total chromium were used in the 
analysis of the groundwater network as a conservative surrogate for assessing the 
concentration of soluble hexavalent chromium. 
 
Site Groundwater Monitoring Goals and Objectives 
 
Primary monitoring goals for the FHC Site groundwater include defining the extent and 
magnitude of residual contamination and evaluating the efficacy of the chosen remedy.  
The specific groundwater monitoring objective for FHC is to “ensure dilution and 
dispersion of affected groundwater” until site groundwater meets state cleanup 
standards (USEPA, 2001).  Shallow groundwater in the FHC area is protected by 
institutional controls prohibiting construction of water-supply wells in groundwater that 
may be affected by industrial contaminants.  Monitoring data will provide support for 
institutional controls by delineating the extent of affected groundwater.  Data from the 
network will provide evidence of concentration stability and indicate if constituents begin 
to remobilize.  Analytical data collected from the network will document continued 
efficacy of the remedy and attenuation of chemical constituents confirming that the 
remedy is achieving site clean-up goals.  
 
Project Goals and Objectives 
 
The goal of the long-term monitoring optimization (LTMO) process is to review the 
current groundwater monitoring program and provide recommendations for improving 
the efficiency and accuracy of the network in supporting site monitoring objectives.  
Specifically, the LTMO process provides information on the site characterization, stability 
of constituent concentrations, sufficiency and redundancy of monitoring locations and 
the appropriate frequency of network sampling.  Tasks involved in the LTMO process 
include: 
 

• Evaluate well locations and screened intervals within the context of the 
hydrogeologic regime to determine if the site is well characterized; 

• Evaluate overall ‘plume’ stability through trend and moment analysis; 
• Evaluate individual well concentration trends over time for target constituents of 

concern (COCs); 
• Develop sampling location recommendations based on an analysis of spatial 

uncertainty; 
• Develop sampling frequency recommendations based on qualitative and 

quantitative statistical analysis results;  
• Evaluate individual well analytical data for statistical sufficiency and identify 

locations that have achieved clean-up goals. 
 
The end product of the LTMO process at the FHC Site is a recommendation for specific 
sampling locations and frequencies that best address site monitoring goals and 
objectives while providing sufficient flexibility for site redevelopment. 
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Results 
Statistical and qualitative evaluations of FHC Site analytical data have been conducted 
and the following general conclusions have been drawn based on the results of these 
analyses: 
 

 After a qualitative evaluation of well locations, screened intervals and 
hydrogeologic characteristics, affected groundwater at the FHC Site is delineated 
to the relevant regulatory standards established for the site (Washington State 
Department of Ecology MTCA A Standards, 50µg/l for total chromium).  
Groundwater areas where concentrations occasionally exceed regulatory 
standards are bounded by wells where results are below the standard.  No major 
data gaps in site characterization were found.  

 
 The historic area of affected groundwater evaluated shows overall stable to 

decreasing concentration trends for total chromium.  None of the well data 
reviewed show increasing concentration trends.  Many “no trend’ findings result 
from intermittent detections, data outliers or apparently cyclical variation in 
concentrations, especially in Zone B wells.    

 
 Moment trend analysis indicated that total dissolved mass measured within the 

monitoring network is decreasing over time.  The center of mass in Zone B is 
retreating toward the source. 

 
 Results from the spatial redundancy analysis indicate that several wells could be 

removed from the program, as they do not provide unique information.  Wells 
identified as redundant are listed in Table 5.   

 
 No areas of high concentration uncertainty were found; therefore no new 

monitoring locations are recommended. 
 
 The sampling frequency analysis recommended a reduced sampling frequency 

for the majority of wells.  Annual to biennial sampling frequencies were 
recommended by the MAROS algorithm based on the rate of change and trend 
of well concentrations.  

 
 Many locations evaluated were statistically below the screening level for 

chromium using both the student’s T-test with a power analysis and the 
sequential T-test.  Approximately two-thirds of monitoring locations have 
achieved the cleanup goals with 80% or greater statistical power, given the 
current dataset.    
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Recommendations 
 
The following general recommendations are made based on the findings summarized 
above and those described in Section 4 below. 
 

 Several areas of spatial redundancy were identified. 10 wells are recommended 
for exclusion from the monitoring program. 

 
 No new monitoring locations are recommended.   

 
 Reduce the frequency of monitoring to annual sampling. 

 
 Monitoring data show fairly high variance.  In most cases, variance in the data 

can be explained by site characteristics and geochemical processes.  Continue 
monitoring concentration trends for both total chromium and hexavalent 
chromium and potentiometric water levels to determine how the hydraulic 
influence of the Columbia River may be contributing to underlying variance in the 
data.   

 
 The majority of the analysis above was completed before several wells in the 

network were damaged as a result of site redevelopment.  Some wells may need 
to be replaced or rehabilitated in order to achieve stated site monitoring 
objectives.  The recommendation that no new monitoring locations are needed 
does not imply that monitoring wells damaged or destroyed during site 
redevelopment do not need to be replaced.  New wells may be required, but their 
placement near ‘old’ locations identified as important is recommended. 

 
 Continue development and updating of the comprehensive site database.  

Results for both total chromium and hexavalent chromium concentrations should 
be added to the database.  Validated analytical data for all wells in the area 
should be added to database within a reasonable time after sampling.  Each well 
should have a complete record of historic sampling events.   

 
 Survey location coordinates and elevations for all wells.  Share data with all 

stakeholders.  A common set of coordinates should be used by planners, 
regulators, and construction and development companies. 
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1.0 INTRODUCTION  
 
The Frontier Hard Chrome Superfund Site (FCH Site) is a National Priorities Listed 
(NPL) site administered under the Comprehensive Environmental Response, 
Compensation and Liability Act (Superfund).  The site is located in Vancouver, 
Washington in Clark, County near the Columbia River (see Figure 1). The FHC site is 
currently administered by the Washington Department of Ecology (Ecology) with support 
from the US Environmental Protection Agency (EPA) Region 10.  The original FHC 
property is a 1/2-acre historic chrome-plating facility, built and operated between 1958 
and 1983.  The Site has traditionally been organized into soil and groundwater operable 
units (OU).  Only the groundwater OU will be considered in this report. 
 
Groundwater monitoring plays a critical role in long-term restoration of the FHC Site.  
The purpose of the following LTMO evaluation is to review the current groundwater 
monitoring network and provide recommendations for improving the efficiency and 
accuracy of the network for supporting site management decisions during and after site 
redevelopment.  
 
At the FHC Site, monitoring goals define why and how data collected from the site will be 
used.  The primary groundwater monitoring goal for the site is to “ensure dilution and 
dispersion of affected groundwater”, with monitoring to continue until “all remaining 
groundwater meets state standards for groundwater cleanup” (USEPA, 2001).  
Monitoring data from the site network are used to support institutional controls, by 
identifying areas of affected groundwater and to document continued attenuation of site 
constituents.  
 
In order to recommend an optimized network that addresses the stated monitoring 
objectives, spatial and analytical data from the site were analyzed using a series of 
quantitative and qualitative tools.  Tasks performed during LTMO analyses include:  
 

• Evaluate well locations and screened intervals within the context of the 
hydrogeologic regime to determine if the site is well characterized; 

• Evaluate overall ‘plume stability’ through concentration trend and moment 
analysis; 

• Evaluate individual well concentration trends over time for target constituents of 
concern (total chromium); 

• Develop sampling location recommendations based on an analysis of spatial 
uncertainty; 

• Develop sampling frequency recommendations based on both qualitative and 
quantitative statistical analysis results;  

• Evaluate individual well analytical data for statistical sufficiency and identify 
locations that have achieved clean-up goals. 

 
A discussion of site background and regulatory context for the FHC Site is provided 
below.  Section 2 of the report details the analytical and statistical approach taken during 
the LTMO evaluation.  A detailed discussion of results is provided in Section 3.  
Summary conclusions and recommendations are presented in Section 4. 
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1.1 Site Background and Regulatory History 

 
The FHC Site is located in a former industrial area in the city of Vancouver in 
southwestern Washington near the Columbia River.  The site is located within the 
greater Portland, Oregon/Vancouver, Washington metropolitan area.  Because of 
Vancouver’s location along the Columbia River and proximity to the Pacific Ocean, the 
region has historically been the home to several shipyards and supporting industrial 
activity.   
 
As the regional economy has changed in recent years, the Vancouver shipyards have 
been redeveloped into residential and commercial property to support rapid increases in 
population.  The area to the south of the FHC Site has been redeveloped, and the 
industrial water supply wells that contributed to the spread of chromium-affected 
groundwater to the southwest have been removed from service.  The FHC Site is 
scheduled for redevelopment into commercial properties in the near future. 
 
The FHC Site is located in a floodplain, approximately one-half mile north of the 
Columbia River.  One-quarter mile north of the site, a steep rise in elevation marks an 
area of residential land use.  In the mid-1950’s, much of the floodplain, including the 
FHC Site, was filled with hydraulic dredge material and construction rubble.  East of the 
FHC Site, a topographic depression exists at the original level of the floodplain where 
the City of Vancouver operates two groundwater well fields to provide public water 
supply.  The Pioneer Plating Company operated a chrome plating facility on the one-half 
acre FHC site from 1958 through 1970.  Chrome plating operations continued under 
Frontier Hard Chrome management until 1983.  
 
During much of its operational history, liquid wastes from chrome-plating operations 
were discharged directly to the public sanitary sewer system.  By 1975, the City of 
Vancouver determined that chromium in wastewater was impacting the operation of its 
secondary waste water treatment systems.  FHC was directed to find an alternate 
disposal method for liquid wastes.  In 1976, FHC received a permit to discharge 
untreated wastes to a drywell behind the facility.   The permit included a schedule for the 
installation of a treatment system for chromium-affected waste water; however, no 
treatment systems were installed between 1976 and 1981. 
 
By 1982, Ecology found FHC in violation of state waste disposal regulations.  During the 
same time period, chromium contamination was discovered in an industrial water supply 
well southwest of the site, near the Columbia River.  A broad area of shallow 
groundwater contamination associated with chrome plating operations at FHC was 
discovered.  In December 1982, the FHC Site was proposed for inclusion on the NPL 
under the CERCLA.  In 1983, FHC closed all operations and the site was officially 
placed on the NPL.  Under a cooperative agreement with EPA, Ecology began the 
Remedial Investigation and Feasibility Study (RI/FS) process.  Records of Decision 
(ROD’s) for the site have been published in 1987 (for the soil OU) and 1988 (for the 
groundwater OU) (USEPA, 1987 and 1988).   
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The 1987 ROD for soil called for excavation, stabilization and replacement of affected 
soils with concentrations over 550 mg/Kg total chromium.  Subsequently, the proposed 
method of soil stabilization as a means of preventing leaching of chromium was found to 
be ineffective.  The 1988 ROD for groundwater recommended extraction and treatment 
of groundwater from areas where concentrations of total chromium exceeded 50,000 
ug/L. However, groundwater monitoring indicated that the area of affected groundwater 
was shrinking after the downgradient industrial supply wells were removed from service.  
The combination of changing site conditions and the development of new cost-effective 
technologies motivated the EPA to reevaluate the proposed remedies for FHC. 
 
An amended ROD was completed in 2001 (USEPA, 2001) detailing the final remedial 
action planned for the site.  The selected groundwater remedy included treatment of 
mobile hexavalent chromium (Cr(VI)) through in-situ reduction to relatively insoluble 
trivalent chromium (Cr(III)).  An In-situ Redox Manipulation (ISRM) technology was 
chosen as the groundwater OU remedy (see Figure 1 for approximate location of 
groundwater and soil ISRM treatment areas).  An area downgradient from the source 
was injected with reducing agents, resulting in the reduction of naturally occurring iron in 
the subsurface.  The area of reduced iron forms an in-situ permeable reactive barrier, 
reducing soluble Cr(VI) in groundwater to Cr(III).  The purpose of the reactive barrier 
was to 1) provide containment and prevent downgradient transport of affected 
groundwater, 2) reduce mass of Cr(VI) in high concentration areas; and 3) provide long-
term protection against future leaching of Cr(VI) (USEPA, 2001).   
 
An ISRM technology was also chosen for the soil OU.  The area of the former chrome-
plating tank and main building of FHC was treated with reducing agents, applied directly 
to the soil.  Aggressive treatment of the source area was anticipated to prevent further 
Cr(VI) inputs to site groundwater.  
  
Remedial activities for soil and groundwater were completed in September 2003.    
Regular monitoring of site groundwater was included in the ROD to “ensure dilution and 
dispersion of affected groundwater”, with monitoring to continue until “all remaining 
groundwater meets state standards for groundwater cleanup” (USEPA, 2001).  The 
groundwater cleanup standard for the FHC site has been established at 50 µg/l.  Site 
groundwater has been monitored quarterly between 2003 and 2007.   
 
Analytical data for total dissolved chromium have been collected and used in the 
following report, as this chemical analysis reflects concentrations of the more toxic and 
soluble oxidation state of Cr(VI).  Chromium solubility and mobility are strongly 
influenced by redox reactions, chemical speciation, adsorption/desorption phenomena, 
and precipitation/dissolution reactions.  The reduced form of chromium (Cr(III)) is 
significantly less soluble in water than Cr(VI).  Areas of the FHC site shallow subsurface 
have been chemically treated with reducing agents, converting Cr(VI) to Cr(III).  Ground 
water samples at certain monitoring well locations are under low reducing conditions due 
to the continued presence of reducing agents.   
 
During the process of ground water sampling some water samples may appear clear 
(indicating Cr in the dissolved phase), and subsequently form a precipitate when 
exposed to the atmosphere.  When groundwater samples are removed from the 
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subsurface, Cr (III) compounds can precipitate as amorphous hydroxides.  When sample 
turbidity exceeds 10 NTUs, samples are filtered removing the Cr(III) species, but for 
samples with relatively low turbidity, the samples are not filtered even though they may 
contain suspended Cr(III).  The data that are derived after adjusting for the interfering 
precipitation are below clean-up standards for the site.  However, the redox changes 
introduced during sampling may introduce a higher level of variance in samples collected 
in the region of the ISRM remedy. 
 
 
1.2 Geology and Hydrogeology 
 
The FHC Site is underlain by several geologic units, with the upper two being of interest 
for this report.  The top unit consists of hydraulic fill and construction debris used to 
elevate the adjacent floodplain in the 1940’s and1950’s.  Fill materials are largely silt and 
sand and heterogeneous, poorly-compacted construction waste.  Fill extends 
approximately 12 to 20 feet below ground surface (ft bgs) across the site.  The fill unit is 
generally unsaturated, but localized areas of perched groundwater may be present. 
(USEPA, 2001) 
 
Underlying the fill is an alluvial unit, consisting of a clayey silt subunit and a sand-and-
ground unit.  Groundwater in the alluvial unit is hydraulically connected to the Columbia 
River.  The clayey silt is heterogeneous in character and is 3 to 7 feet thick, thinning to 
the north of the site.  The clayey silt unit separates the lower sand-and-ground unit from 
the fill.  The sand-and-ground unit consists of poorly sorted sandy gravels, silty sandy 
gravels and sandy silts with scattered large cobbles.  Deposits in this unit resulted from 
overbank deposition during flooding of the Columbia River and from channel deposition 
that resulted in more particle sorting than the overbank deposits.  The alluvial unit is 
approximately 70 feet in thickness and is highly heterogeneous and anisotropic.  
 
During initial site characterization, the alluvial unit was considered to have three layers.  
Upper and lower permeable zones (Zones A and B) separated by an aquitard were 
described in the RI/FS (issued in 1987). Zone A was described as a sand and gravel 
layer beginning about 20 ft bgs and extending to about 35 ft bgs. A confining “lower 
aquitard” below Zone A is described in the 1988 ROD (USEPA, 1988) and was the basis 
for separating groundwater in the alluvial unit into A and B zones.  Currently, this silt 
zone is seen as semi-continuous fine-grained unit of dense sandy silt to silty sand.  The 
layer is now thought to be semi-confining and not a significant hydraulic barrier within the 
alluvial aquifer. 
 
Zone B, or the deeper alluvial unit, is also made up of sands and gravel, but with higher 
permeability than Zone A.  The lower alluvial unit extends from approximately 35 ft bgs 
down to 80 to 100 ft bgs.  Groundwater velocity in this zone is about 2.25 ft/d to the 
south-southwest.  There is no distinct vertical gradient between A and B Zones. Wells in 
the FHC network are designated as either A or B Zone wells based on the depth of the 
screened interval.  During the LTMO analysis, the zone designations were used to 
separate the data into two analysis groups to evaluate groundwater in zones based on 
permeability.  This is done with the understanding that Zones A and B are most likely 
hydraulically connected.  
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Groundwater flow in the region of the FHC site is generally to the south/southwest as the 
potentiometric surface data indicate a shallow slope to the south.  Historically, 
groundwater flow direction has been influenced by pumping at downgradient industrial 
water supply wells, but when these wells were deactivated, groundwater flow returned to 
a generally southerly flow direction.  The average hydraulic gradient is 0.00015 ft/ft and 
groundwater velocity is between 0.5 and 5 ft/d. Recharge to site groundwater occurs 
from local infiltration of precipitation and from the recharge from another alluvial aquifer 
north of the site near the topographic rise.  Downgradient from the Site, groundwater 
discharges to the Columbia River and area potentiometric surfaces are influenced by 
Columbia River stage.  Groundwater parameters used in the LTMO analysis are listed in 
Table 2.     
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2.0 ANALYTICAL APPROACH 
 
Evaluation of the groundwater monitoring network in the vicinity of the FHC Site 
consisted of both quantitative and qualitative methods. A quantitative statistical 
evaluation of the site was conducted using tools in the MAROS software.  The qualitative 
evaluation reviewed hydrogeologic conditions, well construction and placement.  Both 
quantitative statistical and qualitative evaluations were combined using a ‘lines of 
evidence’ approach to recommend a final groundwater monitoring strategy to support 
site monitoring objectives. 
 
2.1 MAROS Method 
 
The MAROS 2.2 software was used to evaluate the LTM network at the FHC Site.  
MAROS is a collection of tools in one software package that is used in an explanatory, 
non-linear but linked fashion to statistically evaluate groundwater monitoring programs.  
The tool includes models, statistics, heuristic rules, and empirical relationships to assist 
in optimizing a groundwater monitoring network system.  Results generated from the 
software tool can be used to develop lines of evidence, which, in combination with 
professional judgment, can be used to inform regulatory decisions for safe and 
economical long-term monitoring of affected groundwater. A summary description of 
each tool used in the analysis is provided in Appendix A of this report.  For a detailed 
description of the structure of the software and further utilities, refer to the MAROS 2.2 
Manual (AFCEE, 2003; http://www.gsi-net.com/software/MAROS_V2_2Manual.pdf) and 
Aziz et al., 2003.   
 
In MAROS 2.2, two levels of analysis are used for optimizing long-term monitoring plans: 
1) an overview statistical evaluation based on temporal trend analysis resulting in ‘plume 
stability’ information; and 2) a more detailed statistical optimization based on spatial and 
temporal redundancy reduction methods (see Appendix A or the MAROS Users Manual 
(AFCEE, 2003)).   
    
2.1.1 COC Choice  
 
MAROS includes a short module that provides recommendations on prioritizing COCs 
for the entire network based on toxicity, prevalence, and mobility of the compounds 
dissolved in groundwater.  However, the priority constituent at the FHC site is total 
dissolved chromium, analyzed as a surrogate for Cr(VI).  Volatile organic compounds 
(VOCs) are present in small amounts in site groundwater from off-site sources, but these 
compounds are not risk-drivers for site management.  The COC choice module was not 
used for the FHC site. 
 
2.1.2 Plume Stability  
 
Within MAROS, time-series concentration data are analyzed to develop a conclusion 
about ‘plume stability’.  For the MAROS analysis, a plume is defined as the extent of 
groundwater within the monitoring network affected by any concentration of the target 
contaminant over time.   Practically, the ‘plume’ area is defined as the maximum extent 



 
 
December 21, 2007 
 
 

Frontier Hard Chrome Site  Groundwater Monitoring 
Vancouver, Washington  Network Optimization 
 

7

of affected groundwater over the time-frame of the investigation.  The definition of 
‘plume’ used in this document is distinct from the regulatory definition in that 
concentrations do not need to exceed the regulatory screening limit in order to be 
considered part of the ‘plume’.  
 
For the purpose of this analysis, a groundwater plume is said to be stable when 
constituent concentrations at individual monitoring locations as well as moments 
estimated from the entire network are not changing rapidly.  If a plume is found to be 
stable, in many cases, the number of locations and monitoring frequency can be 
reduced without loss of information.  
 
Individual well concentrations are evaluated using both Mann-Kendall and Linear 
Regression trend tools.  The Mann-Kendall nonparametric evaluation is considered one 
of the best methods to evaluate concentration trend as it does not assume the data fit a 
particular distribution (Gilbert, 1987).  Individual well concentration trends were 
calculated for chromium for the time period 2003 to 2007.  Individual well Mann-Kendall 
trends were also used in the sampling frequency analysis, where trends determined for 
the 2006 to 2007 interval were compared with trends calculated using the entire dataset 
for each well.  During the final ‘lines of evidence’ evaluation, individual well concentration 
trends are considered along with summary statistics such as percent detection and 
historic maximum concentration to make recommendations for the final sampling 
network. 
  
Moment analysis algorithms in MAROS are simple approximations of complex 
calculations and are meant to estimate the total dissolved mass (zeroth moment), center 
of mass (first moment) and spread of mass (second moment) within the monitoring 
network and the trend for each of these estimates over time.  Trends for the first moment 
indicate the relative amount of mass upgradient vs. downgradient and the change in the 
distance of the center of mass from the source over time.  Trends in the second moment 
indicate relative dispersivity by evaluating the spread of mass about the center of mass 
over time.   
 
2.1.3 Well Redundancy and Sufficiency 
 
Spatial analysis modules in MAROS recommend elimination of sampling locations that 
have little impact on the historical characterization of contaminant concentrations while 
identifying areas within the monitoring network where additional data are needed.  For 
details on the redundancy and sufficiency analyses, see Appendix A or the MAROS 
Users Manual (AFCEE, 2003). 
 
Sample locations are evaluated in MAROS for their importance in providing information 
to define concentrations within the area of affected groundwater.  Wells identified as 
providing information redundant with surrounding wells are recommended for elimination 
from the program.  (Note: ‘elimination’ from the program does not necessarily mean 
plugging and abandoning the well.  See Section 2.3 below.)  
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Well sufficiency is evaluated in MAROS using the same spatial analysis method as that 
for redundancy.  Areas identified as having unacceptably high levels of concentration 
uncertainty are recommended for additional monitoring locations.  
 
The well redundancy and sufficiency analyses use the Delaunay method and are 
designed to select the minimum number of sampling locations based on the relative 
importance of information supplied at each sampling location in the monitoring network.  
The importance of each sampling location is assessed by calculating a slope factor (SF) 
and concentration and area ratios (CR and AR respectively).  Sampling locations with a 
high SF provide unique information and are retained in the network.  Locations with low 
SF are considered for removal.  Areas ringed by wells with high SF’s may be candidates 
for new well locations.  SF’s were calculated for all wells at the FHC Site and the results 
were used to determine the importance of each well in the network for defining 
chromium concentrations. 
 
The results from the Delaunay method and the method for determining new sampling 
locations are derived solely from the spatial configuration of the monitoring network and 
the spatial pattern of the contaminant plume based on a two-dimensional assumption.  
No parameters such as the hydrogeologic conditions are considered in the analysis.  
Therefore, professional judgment and regulatory considerations must be used to confirm 
final decisions. 
 
2.1.4 Sampling Frequency 
 
MAROS uses a Modified Cost Effective Sampling (MCES) method to optimize sampling 
frequency for each location based on the magnitude, direction, and uncertainty of its 
concentration trends. The MCES method is based on the Cost Effective Sampling (CES) 
method developed by Ridley et al. (1995).  The MCES method estimates a conservative 
lowest-frequency sampling schedule for a given groundwater monitoring location that still 
provides needed information for regulatory and remedial decision-making.   
 
The MAROS algorithm recommended a preliminary location sampling frequency (PLSF) 
for each monitoring location at the FHC Site based on a combination of recent (2006-
2007) and long-term (2003-2007) trends and the magnitude and rate of concentration 
change.  The PLSF has been reviewed qualitatively and a final optimal sampling 
frequency has been recommended consistent with monitoring objectives and regulatory 
requirements.   
 
2.1.5 Data Sufficiency 
 
The MAROS Data Sufficiency module employs simple statistical methods to evaluate 
whether analytical data are adequate both in quantity and in quality for revealing 
changes in constituent concentrations.  Statistical tests for the MAROS module were 
taken from the USEPA Methods for Evaluating the Attainment of Cleanup Standards 
Volume 2:  Groundwater statistical guidance document (USEPA, 1992). 
 
Two types of statistical analyses have been performed on analytical samples from each 
individual well.  First, hypothesis testing using a Sequential T-test has been performed to 
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determine if groundwater concentration is statistically below the screening level for total 
chromium (screening levels were set to Ecology MTCA Standard A of 50 µg/l).  The 
Sequential T-test indicates if the well has a sufficient number of samples at low enough 
concentrations to be categorized as having “attained” groundwater cleanup goals 
(confidently below the screening level concentration).  The statistical standard set by the 
Sequential T-test is quite high, and if the well data indicate the groundwater 
concentration has ‘attained’ cleanup, then there is high confidence that the groundwater 
is statistically below the regulatory limit.  If measured concentrations are high or there 
are an insufficient number of data points, then the well is recommended for further 
sampling. 
 
A Student’s T-test followed by statistical power analysis was also performed in the Data 
Sufficiency module to assess the reliability of the hypothesis test and to suggest the 
number of additional samples that may be required to reach statistical significance.  The 
power analysis uses the number of samples (n), the variance of the samples, the 
minimum detectible difference and the significance (α) of the test to determine if the well 
is below the screening level with very high confidence.  The power analysis provides a 
higher level of certainty that the well is not affected above risk-based levels.  Locations 
that pass the power test are considered “statistically clean”. 
 
The Data Sufficiency module is designed to evaluate 6 years of sampling data.  While 
quarterly sampling for the past 3 years has provided a sufficient number of events to 
evaluate the data using most techniques, 3 more years of sampling is necessary before 
wells at the FHC Site can be confidently evaluated using this module.  The analysis was 
conducted with the current dataset and results are reported, but the results should be 
considered preliminary, at this point.   
 
At the FHC Site, locations that monitor groundwater areas “statistically below screening 
levels” or “statistically clean” may be considered for reduced sampling frequency or 
elimination from the program.  Statistically ‘clean’ ring locations can be retained in the 
program to help bound the areas of affected groundwater, set institutional control 
boundaries or function as surrogate point of compliance locations.   
 
2.2 Data Input, Consolidation and Site Assumptions 
 
Groundwater analytical data from the FHC Site were supplied by Region 10 EPA and 
from the Frontier Hard Chrome Event 11 Long-Term Monitoring Report (Weston, 2007).  
Site data were supplemented with information from historic site reports including the 
RODs.   Groundwater monitoring locations included in the evaluation are listed in Table 
1, with additional aquifer and site details provided in Table 2.   
 
Chemical analytical data collected between October 2003 and June 2007 and well 
information data were organized in a database, from which summary statistics were 
calculated.  In all, 33 sample locations were considered in the network evaluation for the 
FHC Site. Wells are described in Table 1, and well locations are illustrated on Figure 1.   
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Groundwater monitoring data collected prior to 2003 are available for a subset of FHC 
wells; however, the installation of the remedy changed the nature and distribution of 
dissolved constituents as well as groundwater geochemistry.  Therefore, data collected 
before 2003 are not comparable with those collected after installation of the remedy.  In 
order to provide reasonable consistency in statistical comparisons, analyses have been 
limited to the 2003 – 2007 time-frame.  Individual well trend evaluations were performed 
for data collected between 2003 and 2007.  The data represent a roughly 3 year record 
for many wells, and provide an indication of long-term, post-remediation trends in site 
constituent concentrations.  Spatial analyses and recent sampling frequency analyses 
were conducted for data collected 2006-2007.  Duplicate samples in the dataset were 
averaged to develop one analytical result for each quarter.   No other data consolidation 
was performed.   
 
It should be noted that only total chromium concentrations in ground water were used for 
this evaluation.  Analytical data for total chromium concentrations were collected as a 
conservative surrogate for Cr(VI), which is the soluble form of the metal.  Ground water 
samples at certain monitoring well locations were under low reducing conditions in the 
subsurface due to the injection of the reductant.  During the process of ground water 
sampling, the clear water samples would form a precipitate when exposed to the 
atmosphere and filtering of the sample was necessary because turbidity was greater the 
10 NTUs.  Use of total chromium results should be considered conservative as the 
method will over-predict soluble chromium concentrations by including residual 
suspended Cr(III) in the result.  Using total chromium analysis at all sites should improve 
consistency in evaluating groundwater under a variety of subsurface redox conditions. 
 
2.3 Qualitative Evaluation 
 
Multiple factors should be considered in developing recommendations for monitoring at 
sites undergoing long-term groundwater restoration.  The LTMO process for the FHC 
Site includes developing a ‘lines of evidence’ approach, combining statistical analyses 
with qualitative review to recommend an improved monitoring network.  Results from the 
statistical analyses in combination with a qualitative review were used to determine 
continuation or cessation of monitoring at each well location along with a proposed 
frequency of monitoring for those locations retained in the network. 
 
The primary consideration in developing any monitoring network is to ensure that 
information collected efficiently supports site management decisions.  Site information 
needs are reflected in the monitoring objectives for the network.  For this reason, any 
proposed changes to the network are reviewed to be consistent with and supportive of 
the stated monitoring objectives. The qualitative review process begins with evaluating 
each monitoring location for the role it plays supporting site monitoring objectives.  For 
example, a location may provide vertical or horizontal delineation of affected 
groundwater or may provide information on decay rates in the source area.  Each well in 
the FHC Site network was evaluated for its contribution to site monitoring objectives.  
Qualitatively, redundant locations are those where multiple wells address the same 
monitoring objective in approximately the same location.   
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A recommendation to eliminate chemical analytical monitoring at a particular location 
based on the data reviewed does not necessarily constitute a recommendation to 
physically abandon (plug) the well.  A change in site conditions might warrant 
resumption of monitoring at some time in the future at wells that are not currently 
recommended for continued sampling.  In some cases, stakeholders may pursue a 
comprehensive monitoring event for all historic wells every five to ten years to provide a 
broad view of plume changes over time.  In general, continuation of water level 
measurements in all site wells is recommended.  Data on hydraulic gradients and 
potentiometric surfaces are often relatively inexpensive to collect and can be used to 
support model development and resource planning.  However, when site redevelopment 
is an issue, optimization of the network can be used to identify redundant locations that 
can be plugged without loss of information. 
 
Qualitative evaluation for sampling frequency recommendations includes consideration 
of factors such as the rate of change of concentrations, the groundwater flow velocity, 
and the type and frequency of decisions that must be made about the site.  Additionally, 
consideration is given to the concentration at a particular location relative to the 
regulatory screening level, the length of the monitoring history and the location relative to 
potential receptors.    
 
A summary of the lines of evidence used to develop a final monitoring network 
recommendation is presented below. 
 

Key Point:  Several lines of evidence were used to develop recommendations for the monitoring 
network. 

Lines of Evidence Method 
 
 Individual well trend 

 
 Mann-Kendall (Linear regression) 

 
 Plume-Wide Trends 

 

 Moment Analysis:  Total dissolved mass, 
center of mass and distribution of mass 
trends. 

 Well Redundancy and Sufficiency 
 Delaunay triangulation and slope factor 

calculation, along with area ratios and 
concentration ratios. 

 
 Sampling Frequency 

 
 Modified Cost Effective Sampling 

 
 Data Sufficiency 

 

 Sequential T-Test, Student’s T-Test and 
Power Analysis 

 Qualitative Evaluation 

 Hydrogeologic factors, monitoring 
objectives, stakeholder concerns and all 
statistical results to develop final 
recommendation. 
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3.0 SITE RESULTS 
 
Data from 33 monitoring wells at depths corresponding to Zones A and B were included 
in the quantitative network analysis for the FHC Site.  Summary statistics for the wells 
(including percent detections and maximum concentrations) are shown on Table 3.  
Qualitative considerations are discussed alongside statistical interpretations below. 
 
3.1 Plume Stability 
 
3.1.1 Concentration Trends 
 
Individual well chromium concentration trends using the Mann-Kendall method are 
summarized in the table below.  Trends were evaluated for data collected between 2003 
and 2007. Detailed results of the trend evaluations performed are summarized on Table 
3. Results of the individual well Mann-Kendall trends are also illustrated on Figure 2 and 
Figures 7 and 8.  Detailed Mann-Kendall reports for each well in the network are located 
in Appendix B. 
 

Number and Percentage of Wells for Each Trend Category Alluvial 
Aquifer Zone 

Total 
Wells Non Detect PD, D S I, PI No Trend 

Zone A 16 0 5 (31%) 7 (44%) 0 4 (25%) 

Zone B 17 0 7 (41%) 2 (12%) 0 8 (47%) 

All Wells 33 0 12 (36%) 9 (27%) 0 12 (36%) 
 
Note: Number and percentage of total wells in each category shown. Decreasing trend (D), Probably Decreasing trend 
(PD), Stable (S), Probably Increasing trend (PI), and Increasing trend (I). 
 
All wells had sufficient analytical data to evaluate trends.  Because chromium is present 
naturally at low levels in the aquifer, all wells groundwater analyzed showed detectable 
quantities.   None of the sampling locations showed increasing or probably increasing 
trends for total chromium.  The site cleanup standard for chromium is 50 µg/l.  Overall, 
two-thirds of well datasets showed stable to decreasing concentration trends.   
 
Several wells with historic high concentrations near the ISRM zone indicate no trend or 
high variance in the data.  Overall most of the measured concentrations at these 
locations are quite low, but occasional spikes in concentration are seen (see MW-12A 
and MW-15A and B in Appendix B).  Data variability may be a result of artifacts due to 
changing redox environment during sampling and subsequent filtering of samples (see 
discussion above).  Many of these wells monitor former “hot spots” or areas with 
possibly high residual chromium concentrations.  Greater variability in the analytical data 
was found in data from Zone B wells, as indicated by the relatively large number of No 
Trend (NT) results.  
 
3.1.1.2 Moments 
 
Moment analysis was used to estimate the total dissolved mass (Zeroth Moment), center 
of mass (First Moment) and distribution of mass (Second Moment) for total chromium in 



 
 
December 21, 2007 
 
 

Frontier Hard Chrome Site  Groundwater Monitoring 
Vancouver, Washington  Network Optimization 
 

13

the Zones A and B.  The values were determined using the current well configuration.  
The Mann-Kendall trends of the moments were determined for data between 2004 and 
2007 (4th quarter 2003 data did not include all sampling locations).  Estimates of the 
zeroth and first moments for the FHC Site are shown in Table 4.  Moment trends are 
summarized in the table below, and first moments over time are illustrated on Figure 2. 
 
Total mass values are rough estimates of mass in the dissolved phase, assuming a 
constant porosity and uniform saturated thickness across the site.  The mass estimates 
are best interpreted as metrics for determining the trend of dissolved mass within the 
network.  For both A and B zone groundwater, mass estimates decreased strongly 
between 2004 and 2007.  Mass estimates are greater for Zone B as the saturated 
thickness is greater. 
 
First moments, indicating the trend in center of mass, show No Trend in Zone A.  
Concentrations measured in Zone A wells are low, and minor fluctuations in 
concentration are seen in concentration vs. time graphs (Appendix B).  The alluvial 
aquifer is influenced by stages of the Columbia River, and the fluctuations in both first 
moments and concentrations in Zone A may result from hydraulic influence of the river.   
First moments for Zone B indicate that the center of mass is regressing toward the 
source, indicating decreasing concentrations in the tail area relative to the source. 
 

Moment Analysis  Comment Moment 
Type Zone A Zone B 

Zeroth  
Decreasing:  Total mass of chromium 

showed a strongly decreasing trend 
2004-2007 

Decreasing:  Total mass of chromium 
showed a strongly decreasing trend 2004-
2007. 

First 
No Trend:  The movement of center of 
mass in Zone A shows no trend over 

time.  

Decreasing:  The center of mass in Zone B 
is moving closer to the source, supporting 
the conclusion of a shrinking plume. 

Second No Trend in both X and Y directions 

Probably Increasing in the X direction 
(direction of groundwater flow). 

Increasing in the Y direction (orthogonal to 
groundwater flow). 

 
Second moments indicate the pattern of dilution and dispersion of mass as it moves 
from the center of the network to the edges.  No clear trend in second moments was 
found for Zone A.  Zone B second moments indicate relatively more mass is moving to 
the edges relative to the center.  Increasing second moments support the conclusion 
that total chromium in Zone B is dispersing in both the X (direction of groundwater flow) 
and Y (orthogonal to groundwater flow) directions. 
 
3.2 Well Redundancy and Sufficiency 
 
The spatial redundancy analysis was performed using data collected between 2006 and 
2007.  Spatial redundancy results include slope factor (SF) and area (AR) and 
concentration ratio (CR) calculations to rank the importance of the well in the network.  
Summary results for the redundancy analysis as well as a summary of the data 
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sufficiency results (identifying wells where groundwater is statistically below the 
screening level) are presented on Table 5. 
 
Of the 16 wells screened in the Zone A depth range, eight were identified as possibly 
redundant based on SF and AR and CR results.  Interior well locations with SF below 
0.3 were considered for removal, while hull wells were retained if SF was above 0.1.  
The average SF for each well is shown on Table 5.  Wells identified by the MAROS 
algorithm as redundant include B85-4, MW-14A, MW-15A, MW-16A, W85-6A, W85-7A, 
W-92-16A and W98-20A.   
 
Seventeen Zone B locations were evaluated and six were identified as redundant based 
on the criteria described above.  Wells B87-8, MW-11B, MW-12B and C, MW-13C and 
W85-6B were identified as not providing unique information to characterize the affected 
or potentially affected groundwater. 
 
The decision to remove a well from routine monitoring is based on a combination of 
spatial statistical analyses and qualitative review of the function of the well in supporting 
site monitoring objectives.  The spatial statistics for Zone A and B wells were considered 
along with other lines of evidence including whether the well monitors groundwater 
below the screening level, trend results, detection frequencies and overall monitoring 
objectives before a final recommendation was made.   
 
In the case of FHC, location of wells should be compatible with site redevelopment while 
still meeting the objectives of the program.  Proposed plans for site redevelopment were 
received from stakeholders, and well locations were reviewed to try to accommodate 
proposed development (see Figures 7 and 8).  In the case of nested well locations 
(locations where multiple wells monitor several depths), if one well was very important 
for monitoring one depth profile the other well is recommended for retention in the 
program as well. Final recommendations for wells to retain in the monitoring program are 
summarized below and shown on Table 5. 
 

Final Network Recommendation  
Zone A Zone B 

Wells 
Retained 

B85-4,  MW-16A, W85-6A, W92-16A 

MW-12A,  MW-17A, W97-18A,  

MW-15A, W97-19A, W98-21A,  

W99-5A, 

B85-3, B87-8, MW-12B, MW-12C, MW-15B 

MW-16B, W85-6B, W92-16B, W97-18B, 

 W97-19B, W98-21B, W99-R5B 

Wells 
Excluded 

MW-11A, MW-13A, MW-14A, W85-7A, 

W98-20A 

MW-11B, MW-13B, MW-13C, MW-14B, 

W85-7B 

 
The graphical well sufficiency analyses for Zones A and B are illustrated in Figures 3 
and 4, respectively.  MAROS uses the Delaunay triangulation and SF calculations to 
identify areas with high concentration uncertainties.  Graphical results illustrate polygons 
created by the triangulation method and indicate areas of high uncertainty with an “L” or 
an “E” in the center of the triangle.  For both Zones A and B, no areas of high 
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concentration uncertainty were found; all areas show an “S” (for small uncertainty) or an 
“M” (medium).  Overall, the networks have very low spatial uncertainty.  Some areas of 
moderate spatial uncertainty were identified near the source “hot spots”, but these areas 
do not require additional well locations.  No new well locations are recommended for the 
monitoring networks.  
 
Site data excluding the wells recommended for elimination were re-run in the MAROS 
data sufficiency module to determine if eliminating wells from the program would 
increase concentration uncertainty.  Figures 5 and 6 illustrate the concentration 
uncertainty found after elimination of redundant locations in Zones A and B.  No increase 
in statistical uncertainty was found when wells listed above were eliminated, supporting 
the redundancy of locations recommended for exclusion from the program. 
 
3.3 Sampling Frequency 
 
Table 6 summarizes the results of the MAROS preliminary sampling frequency 
recommendation.   The MCES method evaluates overall and recent temporal trends, 
and recommends an optimized sampling frequency based on the rate of concentration 
change.  As with the redundancy analysis, a qualitative review of all data is conducted 
before recommending a final sampling frequency.   
 
The rate of change of chromium concentrations for FHC wells is very low.  The majority 
of well locations have decreasing to stable concentration trends for the period analyzed.  
For the recent data, many wells show stable trends, indicating that the rate of 
concentration reduction at most locations has slowed.  Many wells show some 
fluctuation in the data that may be consistent with hydraulic influence from the Columbia 
River or redox conditions during sampling.  
 
The majority of wells in both Zones A and B have preliminary recommendations for 
annual to biennial (every two years) sampling.  The current sampling frequency is 
quarterly.  Quarterly monitoring has already provided a statistically significant dataset 
(sufficient number of sample points to perform statistical analyses).  After a qualitative 
review, annual sampling frequency is recommended for all wells remaining in the 
network during long-term groundwater monitoring.  Annual sampling is consistent with 
the very low rate of change seen over the past 3 years, and relatively low groundwater 
flow velocities and limited number of site management decisions to be made.   
 
One well, MW-12A, had a PLSF recommendation for quarterly sampling, based on the 
‘no trend’ concentration trend result and the presence of one outlying sample result.  
With the exception of one possible data outlier, the well shows a fairly low overall rate of 
change, so the MW-12A is also recommended for annual sampling.   
 
The table below summarizes the current monitoring frequency and the recommended 
sampling frequency after the lines of evidence evaluation.   
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Well Sampling frequency Analysis Source OU 
Monitoring Wells Sampling 

Frequency 
Current Sampling 

Frequency 
Sampling Frequency 

Recommendation 
 Quarterly 33 0 

 Semi-annual 0 0 

 Annual 0 23 

 Biennial 0 0 

Total Samples (average 
per year) 

 99 23 

Total Wells  33 23 

 
 
3.4 Data Sufficiency 
 
The Data Sufficiency module was used to identify wells monitoring groundwater that has 
statistically achieved site cleanup goals with >80% statistical power and those that have 
attained cleanup using the Sequential T-test method (even more stringent).  Statistical 
power increases with the number of samples taken and with reduction in both the 
concentration and detection limits for the dataset.  For the FHC data set, the data were 
assumed to be log-normally distributed and the statistics were performed using this 
assumption.  The groundwater cleanup goal for the FHC Site is 50 µg/l and the majority 
of detection limits are 0.5 ug/l for most samples.   
 
The Data Sufficiency tools are normally run on datasets with greater than 6 years of 
data, but quarterly data for the past 3 years provides enough data to perform a 
preliminary analysis.  Preliminary results for all sampling locations are reported in Table 
5.  Achievement of “clean” status was considered along with other lines of evidence 
when considering elimination of wells from the program and for reduction in sample 
frequency.  Data sufficiency should be revisited when 3 more years of data have been 
collected. 
 
Results of the data sufficiency indicate that the majority of wells in the network are at or 
approaching cleanup goals and have a sufficient number of sample events to provide 
confidence in the statistical outcome (although the number of sample years since source 
remediation is insufficient).   
 
The data support the conclusion that the ISRM groundwater treatment in combination 
with removal of the industrial supply wells has reduced site-wide concentrations.  The 
groundwater network indicates groundwater is approaching and may have achieved 
cleanup goals and that a reduction in monitoring effort may be appropriate at this time.  
The table below summarizes the results of the Data Sufficiency analysis.  Identification 
of specific wells that have achieved cleanup can be found on Table 5. 
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Data Sufficiency Results 
Groundwater 
Zone Total Wells Wells Statistically 

Below MTCA with >80% 
Power 

Wells Statistically “Attained” 
Clean-up Goals 

A 16 15 (94%) 4 (25%) 

B 17 12 (71%) 1 (5%) 

Total 33 27 (82%) 5 (15%) 
MTCA = Washington State Model Toxics Control Act Standard A = 50ug/L. 
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4.0 CONCLUSIONS AND RECOMMENDATIONS 
 
4.1 General Conclusions 
 
The primary goal of developing an optimized monitoring strategy at the FHC Site is to 
create a dataset that fully supports site management decisions while minimizing time 
and expense associated with collecting and interpreting the data.  A summary of the final 
recommended monitoring network is presented in Table 7.  The recommended network 
reduces monitoring effort and cost by reducing both the frequency of groundwater 
sampling and the number of locations sampled.  
 
Tasks identified in the Section 1 were performed for each of the groundwater zones.  A 
summary of general results and recommendations resulting from each task is presented 
below: 
 
 Evaluate well locations and screened intervals within the context of the 

hydrogeologic regime to determine if the site is well characterized. 
 

Result:  Part of the network optimization process is to identify possible gaps in site 
characterization that may require additional sampling locations or site investigation.  
Based on well locations, screened intervals and hydrogeologic characteristics, 
affected groundwater at the FHC Site is delineated to the specified screening 
levels (MTCAs Standard A, 50µg/l).  Groundwater areas where concentrations 
historically exceed screening levels (hot spots) are bounded by wells where results 
are below MTCAs.  Monitoring locations in the tail of the network have average 
concentrations below the screening levels for both Zone A and Zone B.  A “hot 
spot” was identified in Zone A near location MW-12A, while the “hot spot” in Zone 
B is shifted to the south near wells MW-15B and B87-8.  All wells in the network 
have a sufficiently large data set to perform statistical calculations.  No major data 
gaps were identified during the qualitative evaluation. 
 
Recommendation:  LTMO is appropriate for the site at this time.  No additional 
fundamental site investigation is recommended at this time.  In order to comply 
with stated monitoring objectives, future groundwater monitoring should include 
historic “hot spot” wells as well as regulatory compliance points. 

  
• Evaluate overall plume stability through trend and moment analysis. 
 

Result:  Total chromium concentrations evaluated are largely decreasing to stable, 
even though some concentration trends (for both individual wells and plume 
moments) show no trend.  Many ‘no trend’ findings result from occasional outliers 
in the dataset (see MW-14B) or from wells where the concentration fluctuates at 
very low to non-detect concentrations (see W97-18B, W97-19B).   Another source 
of data variance includes possible influence of Columbia River stages on the 
aquifer and conservative sampling artifacts resulting from monitoring total 
chromium from a highly reduced geochemical regime.  Overall, total dissolved 
mass estimates (zeroth moment) within the monitoring networks are strongly 
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decreasing.  Center of mass estimates show some variation, but are consistent 
with shrinking extent of affected groundwater.  The distribution of mass within the 
Zone B network indicates that dilution and dispersion of dissolved chromium is 
ongoing. 
 
Recommendation:  Reduced monitoring effort is appropriate for stable or shrinking 
plumes.  Monitoring frequency can be reduced where groundwater concentrations 
are not changing rapidly.  After an initial steep drop in concentrations (2003-2004), 
groundwater concentrations are not changing rapidly at the FHC Site and 
concentrations within the network appear to have stabilized at a low level, largely 
below the 50ug/l screening level.  This finding is consistent with reduced 
monitoring effort. 

 
• Evaluate individual well concentration trends over time for target constituents of 

concern (total chromium); 
 

Result:  For 33 wells evaluated at the FHC Site, approximately two-thirds of 
locations showed stable to decreasing concentration trends (63%).  No increasing 
or probably increasing trends were calculated. No statistically significant trend was 
found at roughly one-third of locations. 
 
Recommendation:  Individual well trend evaluations at the FHC Site provide 
support for the conclusion that total chromium concentrations are largely stable.  
Monitoring frequency can be reduced for locations where concentrations are not 
changing rapidly or are decreasing below screening levels.  Some variation in 
concentrations is seen at “hot spot” locations, where occasional spikes in 
concentration have been recorded.  “Hot spot” locations should be monitored 
periodically to develop a longer-term dataset (>6 years).   
 
In the future, both dissolved and total chromium analytical data should be collected 
at the appropriate locations.  The dissolved chromium concentrations in 
groundwater should be used instead of or along side total chromium for the 
evaluations in order to reduce variance in the data introduced through sampling 
artifacts and variable redox conditions. The appropriate locations to use the 
dissolved data in the evaluations include monitoring well locations where the 
ground water samples have greater then 10 NTUs turbidity readings.    
 
Wells in the tail area of the network (south and west of W85-6A/B) are largely 
stable to decreasing with very low concentrations; these locations should be 
monitored in the future as delineation or compliance points to confirm the absence 
of affected groundwater in this area. 

 
• Develop sampling location recommendations based on an analysis of spatial 

uncertainty; 
 

Result: The spatial redundancy analysis indicated that several wells could be 
removed from the routine monitoring program, as they do not provide unique 
information.  
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The spatial analysis did not identify any areas of high spatial uncertainty.   
 
Recommendation:  10 wells are recommended for exclusion from routine 
monitoring.  The wells include locations near the remedy and some downgradient 
locations.  A spatial analysis was conducted for the reduced network and no 
increase in spatial concentration uncertainty was found for data between 2006 and 
2007.  The resulting network of 23 locations should provide adequate information 
to monitor “dilution and dispersion” of dissolved chromium until all areas achieve 
cleanup goals with statistical confidence. 
 
No new monitoring locations are recommended. 

 
• Develop sampling frequency recommendations based on both qualitative and 

quantitative statistical analysis results;  
 
Result: The sampling frequency analysis recommended a dramatically reduced 
sampling frequency for the majority of wells.  Annual to biennial sampling 
frequencies were recommended by the algorithm based on the rate of change and 
trend of well concentrations.  

 
Recommendation:  Reduce the frequency of monitoring.  An annual sampling 
frequency was recommended for future monitoring.  While quarterly sampling has 
been effective to characterize the success of the remedy, long-term data over a 
period of years are required to achieve the stated monitoring objectives.  These long-
term objectives are not achieved by frequent sampling events, but rather by sampling 
a consistent set of wells at a frequency comparable to the rate of change of 
concentrations.  The recommendation is to collect annual data for approximately six 
more years, and re-evaluate the plume for statistical attainment of site cleanup 
objectives. 
 

• Evaluate individual well analytical data for statistical sufficiency and identify locations 
that have achieved clean-up goals. 

. 
Result:  82% of wells are statistically below cleanup standards with greater than 80% 
power.  15% of locations have achieved cleanup using the Sequential T-test, a very 
rigorous statistical test. 
 
Recommendation:  Data sufficiency should be revisited when 3 more years of data 
have been collected.  Preliminary results indicate that remedial actions and 
management decisions at the FHC site have resulted in a reduction in groundwater 
concentrations with groundwater concentrations achieving or close to cleanup 
objectives.  The high number of sampling locations currently achieving cleanup 
objectives is consistent with a reduced monitoring effort.  All locations recommended 
for removal from routine monitoring have achieved the cleanup goal based on the 
Student’s T-test and power analysis. 

  
Additional Recommendations: 
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 The majority of the analysis above was completed before several wells in the 

network were damaged as a result of site redevelopment.  Some wells may need to 
be replaced or rehabilitated in order to achieve stated site monitoring objectives.   
The general recommendations for the network are to: 1) monitor “hot spots” in Zones 
A and B, and 2) monitor sufficient delineation points down and cross-gradient to 
confirm contaminant containment. 

 
The recommendation that no new monitoring locations are needed does not imply 
that monitoring wells damaged or destroyed during site redevelopment do not need 
to be replaced.  New wells may be required, but their placement near ‘old’ locations 
identified as important is recommended. 

 
 Monitoring data at the FHC Site show some variance relative to concentrations 

(resulting in no trend).  In most cases, variance in the data can be explained by site 
characteristics and geochemical processes.  Continue monitoring for concentration 
trends and potentiometric water levels to determine how the hydraulic influence of 
the Columbia River may be contributing to underlying variance in the data.  
Additionally, area redevelopment may cause changes in recharge patterns (new 
paved areas, installation of permeable paving), which may be reflected in aquifer 
characteristics and concentration trends.   

 
 Collect analytical data on total chromium as well as dissolved (Cr(VI)) chromium.  

Monitor turbidity in groundwater samples to ensure that only dissolved chromium is 
being measured in the sample.  Flag samples that have been filtered. 

 
 Continue development and updating of the comprehensive site database including 

both total and dissolved chromium analytical results.  Validated analytical data for all 
wells in the area should be added to database within a reasonable time after 
sampling.  Each well should have a complete record of historic sampling events.   

 
 Survey location coordinates and elevations for all wells.  Make data available to all 

stakeholders. 
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